Introduction
============

Synonymous sites in coding sequences have long been used as a neutral yardstick against which to compare amino acid changing substitutions, in the hope of detecting either purifying or positive selection on proteins ([@evs082-B35]; [@evs082-B41]; [@evs082-B22]; [@evs082-B42]). Nonetheless, synonymous mutations are known to experience selection in many cases ([@evs082-B2]; [@evs082-B50]; [@evs082-B53]; [@evs082-B17]; [@evs082-B13]; [@evs082-B26]; [@evs082-B54]) for a variety of mechanisms, including the efficiency of gene translation, the stability of mRNAs ([@evs082-B56]; [@evs082-B16]; [@evs082-B10]; [@evs082-B12]; [@evs082-B13]; [@evs082-B52]) especially near the translation initiation site ([@evs082-B36]; [@evs082-B23]; [@evs082-B33]), and the regulation of splicing, among others ([@evs082-B45]). The fact that synonymous mutations have phenotypic and fitness consequences complicates the interpretation of measures of selection, such as the ratio of substitution rates at synonymous and nonsynonymous sites, d*N*/d*S* ([@evs082-B35]; [@evs082-B22]; [@evs082-B42]; but see [@evs082-B27]).

Selection for translational efficiency remains the dominant explanation for systematic variation in codon usage among the genes in a genome, in diverse taxa ([@evs082-B45]). In accordance with this explanation, codon bias toward the most abundant iso-accepting tRNA species is generally strongest in those genes expressed at high levels, where efficiency would confer the greatest selective benefit to the cell. Nonetheless, the specific mechanisms by which codon bias confers relative fitness gains are actively debated ([@evs082-B51]; [@evs082-B45]).

Our understanding of the dynamics of gene translation, and the role of codon bias in translation, will benefit from new experimental techniques that parse the detailed kinetics of translation across the entire transcriptome. Especially promising are techniques that use high-throughput sequencing of ribosome-protected RNA to determine a "ribosomal footprint" on each mRNA ([@evs082-B30], [@evs082-B31]; [@evs082-B24]; [@evs082-B43]; [@evs082-B5]; [@evs082-B8]; [@evs082-B39]; [@evs082-B48]) with greater accuracy than earlier, polysome-based techniques ([@evs082-B4]). Among many other intriguing findings, these experiments have shown that the cell-wide average profile of ribosome densities in yeast exhibits a trend of decreasing ribosome density with codon position, from 5′ to 3′---an observation that has been explained, in part, by a trend toward less biased codon usage in the 5′-ends of genes, associated presumably with slower elongation and thus higher ribosome density ([@evs082-B58]).

Aside from the 5′-ramp of elevated ribosome densities, sequencing ([@evs082-B30]) and polysome gradients in budding yeast ([@evs082-B4]) have also revealed another, possibly independent finding: shorter mRNAs tend to have a greater overall density of ribosomes than longer mRNAs. The same trend has been found in mouse, human, fruit fly, *Arabidopsis*, malaria, and fission yeast: shorter Open Reading Frames (ORFs) tend to exhibit more densely packed ribosomes ([@evs082-B11]; [@evs082-B7]; [@evs082-B37]; [@evs082-B46]; [@evs082-B25]; [@evs082-B30]; [@evs082-B38]). There is debate about the cause of this trend. Some authors have attributed this relationship to a constant-length ramp of elevated 5′-density on all transcripts due to elongation dynamics ([@evs082-B30]) (so that shorter transcripts would be observed to have larger overall ribosome density); and others have attributed this trend to an increased rate of initiation in short yeast genes causing an increased density of ribosomes ([@evs082-B4], [@evs082-B3]; [@evs082-B37]). As a result, at present, it is unclear whether the greater overall density of ribosomes on short yeast genes is caused by a greater rate of initiation for such genes or a slower rate of early elongation in those genes.

Against this backdrop of open questions, here we analyze the relationship between ORF length and measures of initiation and early elongation rates, across a diverse set of eukaryotic species. As a proxy for the initiation rate of a gene, we use the computationally predicted energy of its 5′-mRNA structure---a quantity that has been shown experimentally to correlate strongly with protein levels ([@evs082-B36]) and which has been subject to natural selection in virtually all free-living ([@evs082-B23]; [@evs082-B49][@evs082-B33]) and many viral species ([@evs082-B61]). As a proxy for the early elongation rate of a gene, we use the codon adaptation index (CAI) ([@evs082-B55]) of its early codons ([@evs082-B58]). In general, by performing these analyses, we seek to understand whether the trend toward elevated ribosome densities in short genes ([@evs082-B11]; [@evs082-B4], [@evs082-B3]; [@evs082-B7]; [@evs082-B37]; [@evs082-B46]; [@evs082-B25]; [@evs082-B30]; [@evs082-B38]) is caused by faster initiation in those genes, slower early elongation in those genes, or both.

Results
=======

Codon Bias, mRNA Structure, and ORF Length in *Caenorhabditis elegans*
----------------------------------------------------------------------

We first investigated the relationship between ORF length and 5′-mRNA folding in the model species *Caenorhabditis elegans*, as well as the relationship between ORF length and 5′-codon bias. As described earlier, we use these two measures as proxies for the initiation rates and early elongation rates of genes. In particular, for each *C. elegans* transcript, we computed its predicted folding energy from nucleotide −4 to +37 ([@evs082-B36]) relative to start, using RNAfold ([@evs082-B28]), and we computed the CAI of its first 50 codons. (We systematically explore alternative definitions of 5′-CAI later.)

We performed a Spearman rank correlation test between 5′-mRNA folding energy and ORF length, among the 29,857 transcripts in *C. elegans* (Assembly WS220). We similarly performed a rank correlation test between 5′-CAI values and ORF lengths. Our expectation was that compared with long genes, short genes should tend to have faster initiation rates and/or slower early elongation rates---to explain the tendency toward elevated ribosome densities on short genes ([@evs082-B11]; [@evs082-B4], [@evs082-B3]; [@evs082-B7]; [@evs082-B37]; [@evs082-B46]; [@evs082-B25]; [@evs082-B30]; [@evs082-B38]). Of these two alternative mechanisms, we might in principal expect the initiation-driven mechanism to be a stronger determinant of ribosome densities ([@evs082-B2]; [@evs082-B9]; [@evs082-B37]).

In accordance with these expectations, we found a significant negative rank correlation (Spearman rho = −0.12, *P* \< 7 × 10^−90^) between 5′-mRNA folding energy and ORF length, indicating a tendency toward weaker mRNA structure and presumably faster initiation in short *C. elegans* genes ([fig. 1](#evs082-F1){ref-type="fig"}). On the other hand, we also found a significant negative rank correlation (Spearman rho = −0.16, *P* \< 5 × 10^−179^) between 5′-CAI and length, suggesting shorter genes tend to have faster early elongate rates ([fig. 2](#evs082-F2){ref-type="fig"}). Given that shorter genes have higher CAI and hence faster elongation rates, we would expect a lower ribosomal density for shorter genes contrary to the observed patterns. As a result, we conclude that higher ribosomal densities of shorter genes are most likely explained by faster initiation rates as shown by weaker 5′-mRNA secondary structures. F[ig]{.smallcaps}. 1.---Short *C. elegans* genes have higher 5′-mRNA folding energies than long *C. elegans* genes, suggesting faster initiation in short genes. Genes have been binned according to their log (ORF length), with dots showing the mean computed 5′-mRNA folding energy in each bin and lines showing ±1 standard deviation. The solid line shows best-fit regression (Spearman rho = −0.12, *P* \< 7 × 10^−90^). F[ig]{.smallcaps}. 2.---Short *C. elegans* genes have higher 5′-CAIs than long *C. elegans* genes, suggesting faster elongation in short genes. Genes have been binned according to their log (ORF length), with dots showing the mean computed 5′-CAI in each bin and lines showing ±1 standard deviation. The solid line shows best-fit regression (Spearman rho = −0.16, *P* \< 5 × 10^−179^).

Codon Bias, mRNA Structure, and ORF Length in 120 Eukaryotic Species
--------------------------------------------------------------------

Given our results in *C. elegans,* we then asked how broadly these trends in gene length and 5′-mRNA structure hold across eukaryotes. We repeated the 5′-mRNA folding energy calculations in 120 eukaryote species and the 5′-CAI calculations in 89 of those species for which a reliable reference set of genes was available for computing CAI. (The sets of species used in 5′-mRNA folding energy and 5′-CAI calculations are listed in [supplementary table S1](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online). The results of these calculations and their correlations with ORF length are summarized in [table 1](#evs082-T1){ref-type="table"}. Table 1Most Eukaryotic Species Show a Tendency Toward Weak 5′-mRNA Structure and High 5′-Codon Bias in Shorter GenesCorrelations with ORF Length5′ Free Energy (120 Species)5′-CAI (89 Species)% Species with negative correlation8283% Species with significant negative correlation7367% Species with positive correlation1817% Species with significant positive correlation1115Two-sided binomial *P* value1.2 × 10^−12^1.5 × 10^−10^[^2]

[Table 1](#evs082-T1){ref-type="table"} summarizes the proportion of species tested that exhibit a negative rank correlation between 5′-mRNA folding energy and ORF length or between 5′-CAI and ORF length. In addition, we report the proportion of species that feature a significant negative correlation, at the 5% significance level. As summarized in [table 1](#evs082-T1){ref-type="table"}, the results found in *C. elegans* hold very broadly across eukaryotes: approximately 80% of tested eukaryotes exhibit negative correlations between mRNA folding and length and between 5′-CAI and length. The preponderance of significant negative correlations with ORF length among eukaryotes is itself highly significant, for both 5′-mRNA folding energy (binomial *P* \< 10^−11^) and 5′-CAI (binomial *P* \< 10^−9^)---suggesting a systematic eukaryotic trend toward faster translation initiation and faster early elongation in short versus long genes. Thus, our results suggest that the higher ribosome density observed in shorter eukaryotes genes is likely due to faster initiation rates in shorter genes.

The distribution of correlations for energy and CAI are presented in [figures 3](#evs082-F3){ref-type="fig"} and [4](#evs082-F4){ref-type="fig"}, and the complete results for each species used in the energy and CAI calculations are presented in [supplementary tables S2](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) and [S3](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online, respectively. F[ig]{.smallcaps}. 3.---The distribution of Spearman rank correlation coefficients between 5′-energy and -ORF length in 120 eukaryotic species. F[ig]{.smallcaps}. 4.---The distribution of Spearman rank correlation coefficients between 5′-CAI and ORF length in 89 eukaryotic species.

Weak 5′-mRNA Folding in Short Genes, Controlling for 5′-CAI
-----------------------------------------------------------

In the previous sections, we have established a systematic trend toward weaker 5′-mRNA structure in short genes, as opposed to long genes; and we argued that the resulting increase in initiation rates is responsible for the greater density of ribosomes typically found in short eukaryotic genes. Nonetheless, we have also found a trend toward increased CAI in the same region, in short genes---and so the possibility remains that some subtle patterns of 5′-CAI might be responsible for the trend observed in mRNA structure. To resolve this issue, we have performed a randomization procedure that isolates the effects of synonymous codons on 5′-mRNA structure, controlling for 5′-CAI.

For each species, we randomly shuffled the first 50 codons of each coding sequence, and we repeated this process 100 times for each gene. In each such permutation, the 5′-CAI of the gene is preserved, whereas the mRNA structure is possibly perturbed. We then computed the quantile of the 5′-mRNA folding energy for the true gene sequence with respect to this null distribution of permuted sequences. Because our hypothesis is that shorter genes are under selection for weaker 5′-mRNA folding (i.e., higher energy) regardless of 5′-CAI, we expect a higher quantile for shorter genes. We tested this expectation by computing the Spearman rank correlation between the length of each ORF in the genome and the quantile of its true mRNA folding energy compared with the null distribution.

As listed in [table 2](#evs082-T2){ref-type="table"}, we observed a negative rank correlation between the energy quantile and the ORF length in the great majority species (binomial *P* value \< 6 × 10^−15^)---indicating that the trend toward weak mRNA structure in short genes holds even after controlling for 5′-CAI. These analyses substantiate our hypothesis that shorter eukaryotic genes are under selection to have faster translation initiation rates, achieved through weaker 5′-mRNA folding. Table 2Most Species Exhibit a Tendency Toward Weak 5′ Free Energy in Short Genes, Even After Controlling for 5′-CAICorrelation between ORF Length and Quantile of Observed 5′ Free Energy% Species (of 120 Tested)Negative correlation84Significant negative correlation65Positive correlation16Significant positive correlation2.5One-sided binomial *P* value5.38 × 10^−15^[^3]

Robustness of Results
---------------------

In the preceding analyses, we calculated 5′-CAI using the first 50 codons of each ORF. We chose this region to coincide as much as possible with the ramp of slow codons reported by [@evs082-B58]. We repeated the 5′-CAI calculations using the first 13, 15, 20, 30, 40, and 60 codons and obtained similar qualitative results in each case ([supplementary table S4](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online). The ribosomal density on a gene might be affected by codons beyond the 5′ region of gene as well. For instance, slow codons in the middle or end of a gene might cause a bottleneck for ribosomes, leading to higher ribosomal densities irrespective of the codon composition in the 5′ region. As a result, we also verified the robustness of our results by considering the CAI of entire ORF, producing the same qualitative, but slightly weaker, result (36% positive correlations, 64% negative correlations, two-sided Binomial *P* value \< 0.011. For the complete tabulation of these results see [supplementary table S8](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online.

Another potential concern that may arise from our 5′-CAI calculation is that we excluded sequences shorter than 51 codons. Is it possible that the sequences shorter than 51 codons could have a different CAI pattern and somehow diluted the observed CAI pattern? To answer this question, we modified the definition of 5′-CAI to include coding sequences shorter than 51 codons long, by computing the geometric mean of the relative adaptiveness of all the nonstop codons in the sequence. Again, this did not change our qualitative results ([supplementary table S5](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online).

Discussion
==========

We have reported a strong trend toward weaker 5′-mRNA structure in short genes, when compared with long genes, among eukaryotic species. Moreover, we also observed a trend toward higher 5′-codon bias in short versus long genes---indicating that elongation dynamics driven by codon bias is unlikely to be the cause of higher ribosomal densities on short genes. For each individual species, the correlation between ORF length and 5′-mRNA folding energy/5′-CAI is usually statistically significant but not strong. Nonetheless, the trend of reduced 5′-secondary structure in short coding sequences was observed in the majority of eukaryotic species (82%) tested. The statistical significance of this trend is extraordinarily strong and so too is the biological significance: more than three-quarters of eukaryotic species exhibit reduced 5′-mRNA structure in short genes.

To the extent that 5′-mRNA structure modulates initiation ([@evs082-B6]; [@evs082-B15]; [@evs082-B21]; [@evs082-B36]; [@evs082-B23]; [@evs082-B33]), our results suggest that faster initiation is responsible for the empirical observation in diverse eukaryotes ([@evs082-B11]; [@evs082-B4]; [@evs082-B7]; [@evs082-B37]; [@evs082-B46]; [@evs082-B25]; [@evs082-B38]) that short mRNAs are more densely packed with ribosomes than long mRNAs.

Our analyses across a diverse set of eukaryotic species substantiates several authors' interpretation of patterns of ribosomal densities and ORF length, which have been attributed to initiation-driven mechanisms as opposed to elongation effects ([@evs082-B4], [@evs082-B3]; [@evs082-B37]). Our results confirm that the effects of initiation, modulated by ribosomal binding to the 5′-end of mRNA and scanning to start codon, strongly outweigh those of elongation dynamics, modulated by codon bias. This view is in contrast with other studies that propose a dominant role of codon usage in shaping ribosomal occupancies ([@evs082-B58]). Nonetheless, our results do not directly contradict those of [@evs082-B58], however, because those authors considered relative codon usage within each ORF, whereas we have studied absolute codon usage across different ORFs.

Other factors such as protein folding ([@evs082-B34]) and sequence similarity to ribosome binding sites ([@evs082-B39]) may also influence ribosome density. However, such effects are generally not considered as major determinants in shaping overall ribosome density ([@evs082-B45]; [@evs082-B39]). These factors, which are difficult to quantify systematically, are probably less likely to show systematic trends with respect to ORF length, such as those we have observed for 5′-CAI and 5′-mRNA secondary structure.

It is interesting to ask whether there are any commonalities among the 22 "counterexample" species in which we observed a positive rank correlation between 5′-energy and ORF length. What differentiates these organisms from the other eukaryotes we have studied? To answer this question, we examined the phylogenetic relationship of all the studied species and the distribution along this phylogeny of those 22 species exhibiting a positive rank correlation between ORF length and 5′ free energy ([supplementary fig. S1](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online). Although a few of these counter examples are clearly closely related sister species, overall these 22 species are distributed relatively uniformly among eukaryotes, as opposed to being mostly monophyletic. And so we do not find any obvious commonality among these species with respect to their evolutionary history and, likely, ecological contexts.

Our results on systematically weaker 5′-mRNA structure in short genes beg the question: why should short genes experience selection for fast translation initiation? It has been suggested that highly expressed genes are shorter in many eukaryotes ([@evs082-B20]; [@evs082-B18]; [@evs082-B19]; [@evs082-B47]), also short genes are enriched for constitutively expressed housekeeping and ribosomal genes ([@evs082-B29]), which must produce protein as rapidly as possible. This alone might explain why short genes experience selection for faster initiation ([@evs082-B49]). In addition, housekeeping genes tend to have shorter 5′-untranslated regions (UTRs) and are under weaker post-transcriptional regulation ([@evs082-B29]; [@evs082-B14]; [@evs082-B40]). The probability of successful ribosomal binding and scanning on an mRNA may depend on the length of its 5′-UTRs. As a result, genes that require post-transcriptional regulation tend to have longer 5′-UTRs, leading to lower initiation probabilities ([@evs082-B40]).

In summary, we find that shorter genes have higher 5′-mRNA folding energies and codon bias, suggesting that shorter genes both initiate and elongate faster than longer genes. Both of these trends hold across a diverse set of eukaryotic taxa. Because faster elongation leads to lower ribosome densities, the elevated ribosome densities of short eukaryotic genes is a result of initiation rates, rather than elongation rates.

Materials and Methods
=====================

Data Sets
---------

Coding sequences with 4-bp upstream data for most species were downloaded from ensembl genomes servers (<http://www.ensemblgenomes.org>, last accessed March 25, 2011). The coding sequences of *Yarrowia lipolytica* with 1,000 bp upstream sequences and 300 bp downstream sequences were downloaded from Génolevures ([@evs082-B57]) ([www.genolevures.org/yali.html](www.genolevures.org/yali.html), last accessed March 25, 2011). All the coding sequences were preprocessed, so that sequences whose length is not a multiple of 3, those with premature stop codons, or a continuous string of more than three ambiguous "N" symbols are discarded. We only considered coding sequences at least 42 nucleotides long. The complete list of species used in this study is listed in [supplementary table S1](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online.

We identified ribosomal genes for the purpose of computing CAI from one of three sources: 1) the ribosomal gene sequences for 24 species were downloaded from the HOGENOMDNA ([@evs082-B44]) database (<http://pbil.univ-lyon1.fr/databases/hogenom/acceuil.php>, last accessed February 1, 2011).

Orthologous groups of ribosomal genes from the HOGENOM database are listed in [supplementary table S6](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online. 2) The ribosomal genes for 64 species were obtained from Orthologous MAtrix Project ([@evs082-B1]) (<http://omabrowser.org>, last accessed March 25, 2011). We used *Saccharomyces cerevisiae* as our genome of reference and obtained orthologs of its ribosomal genes. The OMA orthologous groups and organism-specific ribosomal genes are listed in [supplementary table S7](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online. 3) The ribosomal genes for *Y. lipolytica* were obtained by performing a protein blast search against the ribosomal gene coding sequences for *S. cerevisiae* and taking the top hit for each gene provided it has an *E* value \<10^−5^. The number of identified ribosomal genes per species in our data set ranged from 19 to 184 genes with a median value of 44.

Calculating 5′-mRNA Folding Free Energy
---------------------------------------

To get an estimate of the translation initiation rates, we used the program RNAfold from Vienna RNA package ([@evs082-B28]) to calculate the mRNA folding energy from base −4 to 37 for each gene. For each species, we calculated the 5′-folding energy and length of every gene and then obtained the Spearman rank correlation coefficient and a two-tailed *P* value using the function spearmanr in the SciPy ([@evs082-B32]) package of Python ([@evs082-B60]). We chose 0.05 as the significance level.

We then counted the number of species in which the 5′ free energy has a negative Spearman rank correlation with sequence length and also the number of species in which the correlations are significant. We calculated a two-tailed *P* value to assess whether there is an overall trend in the direction of rank correlation between 5′-mRNA folding energy and coding sequence length.

Calculating 5′-CAI
------------------

To obtain an estimate of the translation early elongation rates, we calculated the CAI ([@evs082-B55]) for the first 50 codons of each gene. The 5′-CAI of a gene is defined as the geometric mean of the relative adaptiveness values of all the considered codons in a particular gene. The relative adaptiveness values of each codon are defined as ratio of occurrences of the codon to occurrences of the most abundant synonymous codon, using the ribosomal gene sequences from each species. In the above calculations, we removed coding sequences less than 51 codons long. Alternatively, for these short sequences, we also calculated 5′-CAI using the whole sequence and obtained the same qualitative results ([supplementary table S5](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) online).

Supplementary Material
======================

[Supplementary figure S1](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) and [tables S1--S8](http://gbe.oxfordjournals.org/cgi/content/full/evs082/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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[^1]: **Associate editor:** Bill Martin

[^2]: N[ote]{.smallcaps}.---In particular, there is a negative rank correlation between 5′-mRNA folding energy and ORF length in 82% of the 120 eukaryotic species tested, and similarly, a negative rank correlation between 5′-CAI and -ORF length in 83% of the 89 species tested. The overall tendency toward negative correlations is highly significant, in both cases.

[^3]: N[ote]{.smallcaps}.---In the majority of species tested, we find a negative rank correlation between ORF length and the quantile of the observed 5′-mRNA free energy among the free energies of permuted sequences that retain the same 5′-CAI value. The tendency toward negative correlations across species is highly significant.
